Abstract: Rapid tooling solutions can be used to manufacture prototypes and small batches of parts that are critical to part and tool design verification and thus to minimize the production cost and lead time in developing new products. Layer-based manufacture of prototypes is a proven technology for an early assessment of the designs of products and, with the introduction to the market of new micro-stereography technologies, rapid tooling becomes an important option for low-volume production of polymer micro-components. Thus, to broaden the use of these technologies, it is necessary to understand the behaviour of rapid tooling inserts under cyclic thermodynamic loads. The paper investigates a rapid tooling solution for fabricating 'soft' inserts that are validated by injection moulding small batches of polymer parts. The mouldings produced using such soft tools are analysed and conclusions are made about the tool-making capability of the micro-stereography process. In particular, it was found that the soft inserts were fabricated with sufficient accuracy by employing this rapid tooling process. Also, it was experimentally validated that they could be applied successfully to produce small batches of functional parts, and in particular to a lens micro-device. The most important factors affecting their injection-moulding capabilities were the build orientation of the inserts and the process settings to account for the build-up of thermal energy during the replication cycles.
INTRODUCTION
The Confederation of British Industry has stated that the European Union should focus resources and create a critical mass of activity in core themes to compete on the international stage. One such area for European research is the scientific and commercial potential for product miniaturization [1] . There is a clear trend for both research institutions and companies to dedicate significant resources to developing manufacturing capabilities for a range of products based on micro-system technology. One important development in microengineering is the creation of micro-tool-making capabilities and their constant advances to underpin the product miniaturization trend. These technology advances benefit from traditional and new emerging manufacturing processes for prototype, batch, and serial micro-manufacture.
There are many technological advances in the area of micro-fabrication [2] . The research reported in this paper investigates the capabilities of layer-based manufacturing technologies for micro-tool-making and their pilot use as a platform for production of prototype parts. In particular, the use of layer-based manufacturing for fabricating tooling inserts for injection moulding is studied as a potential solution for small-batch manufacture of polymer micro-parts. Micro-injection moulding was chosen to validate the capabilities of layer-based manufacturing replication masters because it is one of the key technologies for micro-manufacture and is considered as a costeffective replication method for mass production.
Cost-effective tool-making technologies for producing moulding inserts with feature sizes down to a few microns are essential for creating reliable platforms for micro-manufacture. Usually, tooling steel and other metal alloys are used to produce such inserts. However, recently attempts were made to fabricate them by using engineering polymers; for example, epoxy resins and poly(ether-ether-ketone) were investigated [3, 4] . Such 'soft' tooling is a very attractive option when small batches of parts have to be produced with a short lead time and potentially at low cost. To address these requirements, layer-based manufacturing processes such as stereolithography (SL) can be employed as a rapid tooling (RT) solution and thus can be considered as an alternative to conventional tool-making technologies [5] . There were some limitations in regard to feature sizes and accuracy associated with this technology but, with the development of new micro-stereolithography (mSL) systems, some of the limitations were addressed or could be potentially overcome with the continuous development of this and other layer-based manufacturing technologies for micro-scale processing. Recent research reported a successful use of the mSL technology to produce micro-gears, micro-fluidic devices, and micromoulds [6] [7] [8] [9] .
The prototyping stage is crucial for the successful development of micro-devices and currently various micro-fabrication processes are utilized to fabricate polymer prototypes. In this research, mSL was used to fabricate soft tools that were validated for producing injection-moulding polymer prototypes of a lens micro-device. The next section discusses important issues that have to be addressed in developing a viable RT solution. Then, the experimental set-up used for a pilot implementation of the proposed manufacturing route is described including the test tool design, the soft tooling solution applied, and the method employed to perform the trials. Finally, the results from the short-run manufacture of polymer parts employing the proposed soft tooling approach are analysed and conclusions are made.
RAPID TOOLING
RT has emerged as a natural application of layerbased manufacturing technology and can be considered as an economically viable alternative to the conventional methods for injection-moulding prototype tooling [10, 11] . The advantages of layerbased manufacturing methods for fabricating micro-tools should be sought in the reductions in the lead time and cost. In addition, with recent advances in this technology, SL systems can be employed to build smaller and more accurate threedimensional (3D) physical parts in layer-by-layer fashion using a range of photopolymers. Thus, SL technology can be considered as a real alternative to some micro-machining technologies. However, there are some mechanical limitations when SL parts are used as moulds that relate to the forces acting on them during the injection-moulding cycle. In particular, stresses are associated with the pressure P inside the cavity due to the injected polymer, and also other stresses are caused by the ejection force F e when demoulding a part. F e is a frictional force that occurs between the insert and the moulded part and depends on the static friction coefficient and the contact surface area. It was reported that a higher surface roughness of the SL cavities and an increase in the thickness of the layers used to build them resulted in a higher F e , while an increase in the tool draft angles would have an opposite effect, leading to a lower F e [12] . Another cause for the failures of mould tools employing SL inserts was the shrinkage during the part solidification that led to a higher F e . To counteract this, it was suggested that part ejection should take place as early as possible to avoid such failures [13, 14] . Both factors, namely the mechanical load during the injection cycle, and also the F e value applied to SL moulds owing to shrinkage and stairstep effects on side walls, can result in thermodynamic failures. In particular, the failures occurred in a ductile manner above the material's glass transition temperature T g , and in a brittle manner below T g [15] .
In an experimental study the potential use of mSL inserts for injection moulding small batches of micro-fluidic parts in a wide range of materials was investigated [9] . The effects of the moulding process on the tool performance was studied in regard to the part geometry and a range of process factors (in particular, the melt temperature T b , the mould temperature T m , the injection speed V i , and the holding pressure P h ) [16] [17] [18] [19] by employing the design-ofexperiments approach. In addition, conditionmonitoring techniques were used to optimize the micro-injection-moulding process and, in particular, to reduce the maximum cavity pressure P max and thus to minimize the loads on the mSL inserts. The study demonstrated that the use of mSL inserts in combination with low-pressure micro-injection moulding was a promising manufacturing route for producing small batches of parts with fine details and relatively high-aspect-ratio structures. However, the two types of mSL insert utilized in the research did not behave in the same way. In particular, the presence of significant undercuts due to the stairstep effect of each layer in the builds with a layer thickness of 50 mm had a detrimental effect on the process performance. During demoulding, these undercuts severely compromised the tool life. A decrease in the layer thickness to 20 mm, in the case of the second type of mSL inserts used in the study, reduced the stair-step effect and extended the tool life. In particular, it was possible to replicate successfully 200 mm 3 100 mm and 100 mm 3 100 mm ribs in polypropylene and polycarbonate as shown in Fig. 1 and thus, by employing low-pressure micro-injection moulding, to produce a small batch of parts [9] .
EXPERIMENTAL SET-UP

Thermal analysis
To date, there is no layer-based manufacturing process capable of directly producing metal components of suitable accuracy and surface finish for the production of micro-injection-moulding inserts. However, some recent SL machines offer the capabilities of producing features of micro-size resolution in epoxy-or acrylic-based resins. Although most mechanical properties of such resins are documented and available from the resins manufacturers, their thermal properties are not usually available. This information is important in order to understand and explain the behaviour of micro-inserts made by SL during the micro-injection-moulding process. SL polymer tools will experience thermodynamic loads during the moulding cycle, and also it should be taken into account that the thermal conductivity k of SL inserts differs significantly from that of typical tool steel inserts. In particular, the k value of the SL photopolymers is a thousand times lower than that of aluminium, 0.2 W/m K as against 200 W/m K respectively [20] , and also differential scanning calorimetry (DSC) results showed that part morphology could be affected by the low cooling speed of the mould material [21] . It is clear that the thermal properties of the SL tools are an important factor affecting the process performance. They can have not only detrimental effects but also advantageous effects; for example, effects leading to a potential tailoring of the crystallinity of the parts [22] . The low k value of SL tools results in a slow thermal response at the centre of the tool core, and thus a shorter cooling period before demoulding can reduce the thermal weakening of the tool. At the same time the low k value at the insert surface allows the temperature T to be maintained above T g for longer, which can have a beneficial effect during the filling stage. The rubbery nature of polymers above T g was found to be compliant to demoulding and aided part ejection [13] . In addition, owing to the inherent heat transfer characteristics of SL moulds it is possible to use low settings for T m together with a lower processing pressure when considering them as an alternative to injection-moulding metal tools [23] . It was shown that a low thermal loss in SL moulds results in maintaining the temperature of the injected polymer for longer above T g compared with steel cavities; thus this could improve part filling [24] . By minimizing the thermodynamic load on a SL tool and at the same time allowing it to cool sufficiently between shots it is possible to produce parts without detrimental changes to their properties over time [25] .
The photopolymer R11 from Envisiontec can be used on a commercially available Perfactory Mini mSL machines to produce mSL injection-moulding Fig. 1 . Micro-fluidic design produced by mSL [9] inserts using computer-aided design (CAD) data. Other materials can also be processed by the Perfactory Mini machine; however, R11 is the material that offers the combination of the highest resolution with the smallest layer thickness. As shown in previous studies, the reduction in the layer thickness of injection-moulding inserts plays a critical role in reducing the demoulding forces, thus increasing the chances of survival of the inserts and the number of moulded components [9] . To understand the thermal properties of the R11 photopolymer, they were compared with the thermal properties of two commonly used tooling materials, namely steel and aluminium. In particular, the following material characteristics were selected for this comparison:
(a) the reversing heat capacity C p to judge their thermal behaviour; (b) the storage modulus E', indicating the mechanical behaviour; (c) the linear expansion coefficient a, showing the dimensional accuracy.
To measure the material characteristics, specific specimen geometries were used. For each material and characteristic, four test specimens were produced, 36 in total, as shown in Tables 1, 2, Modulated DSC is an enhancement of conventional DSC whereby the total heat flow is separated into the reversing heat capacity (J/g°C) and the nonreversing (kinetic) components. The reversing signal contains heat capacity events such as the glass transition and melting.
Dynamic mechanical analysis
DMA is a thermal analysis technique that measures the properties of materials as they are deformed under periodic stress. Specifically, in DMA a variable sinusoidal stress is applied, and the resultant sinusoidal strain is measured. DMA is particularly useful for evaluating polymeric materials that exhibit time, frequency, and temperature effects on the mechanical properties because of their viscoelastic nature.
Thermomechanical analysis
In TMA, the material's dimensional changes are measured while the material is subjected to controlled heating or cooling. From these measured values and the initial specimen size the linear expansion coefficient a (mm/m°C) can be calculated.
Test part design
The design used to analyse the micro-injectionmoulding capabilities of mSL inserts is a micro-lens design with overall dimensions 11.8 mm 3 7 mm 3 2 mm, as shown in Fig. 2 . The part is designed for cell phone flash lights and includes two Fresnel microlenses with feature sizes down to 20 mm and a profile depth up to 15-18 mm. The dimensions of its functional features are provided in Table 7 . The dimension D a was not considered in this experimental study because it was not possible to measure it accurately owing to illumination of the stereomicroscopic set-up.
3.3 mSL layer-based manufacturing process mSL builds 3D structures by employing lightinduced solidification of a liquid photopolymer in a layer-by-layer fashion. Light is focused on to the photopolymer surface using a laser or a mask to form sequentially the cross-sections; that is, the layers, of a part. The light cures selectively the exposed areas on the photopolymer surface. Then, a new layer of photopolymer is applied and the process is repeated until the part is completely built. The mSL system used in this research is Envisiontec Perfactory Mini, which works in a projection mode to build parts. Some of its technical characteristics are provided in Table 8 . The light is structured using a digital mirror technology, in particular a digital light processor projector with a resolution of Fig. 2 . Micro-lens design 1400 3 1024 pixels (SXGA + ). 3D CAD models in the STL data format are processed by the system software to generate a series of bitmaps. Each bitmap represents a cross-section or a single layer of the part and can be set to a thickness in the range 15-50 mm depending on the material used. The bitmaps are sequentially projected on to the liquid resin using a digital light processor and the light cures the liquid resin to produce a sequence of solid crosssections. The resolutions in X and Y of the PerfactoryÒ SXGA + Mini Multi Lens used in this research can be altered from 16 mm to 32 mm.
Mould manufacture
To investigate the capabilities of mSL moulds as viable prototype tools, the mould inserts are built in three different orientations indicated by an arrow in Fig. 3 . In particular, the following three builds were considered:
(a) mSL 1, with a 20 mm layer thickness and the build orientation along the Z axis; (b) mSL 2, with a 20 mm layer thickness and the build orientation along the Y axis; (c) mSL 3, with a 20 mm layer thickness and the build orientation along the X axis.
The part design includes a range of features that can be used to determine the mould accuracy (Table 3 ). This investigation is focused on the manufacture and replication of micro-features; therefore the assessment of mSL tool-making capabilities is based on the functional lens area. For the moulding trials the tool life is of particular interest. To generate the design of the required mould inserts the 3D part model was subtracted from a mould insert block through a Boolean operation in a CAD system. Then, the mould inserts were built with the Perfactory Mini SXGA + with a lateral resolution of 40 mm 3 40 mm and a layer thickness of 20 mm.
Machine setting
To investigate the capabilities of mSL inserts, this experimental study was focused only on the filling performance of the mould cavity. The machine used to perform the tests was a Battenfeld Microsystem 50. The melt temperature T b was controlled through T m and was within a recommended processing window. T m is used to keep the temperature of the polymer sufficiently high in order to facilitate the melt flow during the filling stage. The T m settings used in this research are in the recommended range for the material. The other process settings (in particular the metered volume, P h , V i , and the cooling time) are provided in Table 9 . A commonly used material in injection moulding, namely polystyrene, is Table 10 .
RESULTS
Thermal analysis
To understand the thermal properties of the R11 photopolymer, they are compared with those of two commonly used tool-making materials: steel and aluminium. The material characteristics used to carry out this comparative study are C p , E', and a, as discussed in section 3.1. The results obtained for these characteristics by employing the three measurement methods DSC, DMA, and TMA (see section 3.1) are discussed below.
Differential scanning calorimetry
All the measured values for the aluminium and the steel specimens were consistent with those reported by other researchers. As shown in the Fig. 4 , the values of C p for the R11 photopolymer are four times the values for aluminium and steel. Thus, there is a significantly higher amount of stored thermal energy in the R11 mould inserts. Therefore, the cooling time of injection-moulded polymers inside R11 cavities should be much higher than with the aluminium and steel inserts. The measured values (at each 0.1°C) of the heat capacity for each specimen showed that in the case of the R11 specimens there was a thermal curing in the temperature range between 175°C and 235°C. This was indicated by the unstable C p values.
Dynamic mechanical analysis
The measured values (at each 0.1°C) of E' for each specimen are shown in Fig. 5 . The E' curves show clearly that T g is below room temperature. In the temperature range between 80°C and 175°C the value is approximately 60 MPa. The uncontrolled increase in E' is caused by the start of thermal curing at 175°C. The E' curves for the aluminium and steel samples were consistent again with those reported by other researchers. In the case of the R11 specimens, thermal curing started at 175°C. At higher temperatures there was an uncontrolled rise in E'. Thus, owing to the specific characteristics of the E' curve, it was not possible to identify a processing window for successful usage of R11 inserts.
Thermomechanical analysis
The values of a (at each 0.1°C) obtained for each specimen are shown in Fig. 6 . The a curves for the aluminium and steel specimens were consistent with those reported by other researchers. Also, the a values in Table 11 calculated for each specimen in their confidence intervals were within their expected ranges. However, the a curve for the R11 specimen did not show any T g . The reason for the very high a values can be explained by the T g value for R11, which is below room temperature.
Accuracy
The results from inspections of the inserts are provided in Figs. 7, 8, and 9 and Fig. 4 . DSC results for aluminium, steel, and R11 shows the values of the dimensions D b to D f that were measured using a Nikon SMZ 1500 stereomicroscope connected to a Nikon DS5M camera system for an optical inspection of the mould inserts.
To determine the dimensional accuracy of the mSL inserts the following number of pieces for each build orientation was made:
(a) mSL 1, five inserts; (b) mSL 2, five inserts; (c) mSL 3, five inserts.
The mean values of the obtained measurement results are provided in Table 8 . The results show that, for all build orientations, none of the (Figure 8 ). This could be due to a higher shrinkage effect on this dimension. In addition, analysing the results it can be concluded that the build orientation did not have a significant effect on the accuracy of the inserts. Figure 9 shows that the critical dimensions of the mSL inserts did not behave in the same way. In particular, the results show that the deviations of the dimensions in the range from 4.8 mm to 5.7 mm were approximately 1 per cent of their nominal values while, for those from 2 mm to 3 mm, the deviations were higher, between 3.3 per cent and 4.5 per cent. Again, the build orientation had little influence.
Tool life
mSL 1, mSL 2, and mSL 3 inserts were used to produce polystyrene parts employing the same micro-injection-moulding settings (see section 3.5). The capabilities of the inserts were assessed by utilizing stereomicroscopic pictures to inspect them visually, as shown in Fig. 10 . In particular, Fig. 10(a) shows a mSL 1 mould insert after the micro-injection moulding of five parts. Besides some minor cracks around the gate area there was no any other damage. Figures 10(b) and (c) show the mSL 2 and mSL 3 mould inserts after micro-injection moulding. Major cracks parallel to the build orientations can be observed after moulding only one part. These cracks led to a breakaway of the mould inserts together with the polystyrene parts during demoulding. Considering the failures of the mSL 2 and mSL 3 inserts, it was possible to produce only a small batch of polystyrene parts, five in total, with the mSL 1 mould inserts. The first and the fifth parts in the batch were analysed in order to judge the achievable dimensional accuracy in regard to the part design (see Fig. 2 ), and also whether the accuracy deteriorated with the number of microinjection-moulding shorts.
Replication results
The mSL 1 mould insert was used to produce small batches of parts in order to judge the replication accuracy that could be achieved with mSL masters. As already stated, the mSL 2 and mSL 3 mould inserts failed during the first micro-injection moulding short, and therefore it was not possible to investigate further their replication performance. Therefore the study is limited to an analysis of the mouldings produced only with the mSL 1 insert. The moulded parts are shown in Fig. 11 , and the results obtained by measuring their critical dimensions are provided in Table 13 . The analysis of the measurements in Fig. 12 shows that the polystyrene mouldings are consistently larger than the part design. Also, it can be seen that all dimensions of the polystyrene parts (see Fig. 2 and Table 7 ) are larger than those of the mSL 1 insert. Furthermore, Fig. 13 shows that the dimensional changes of the first and fifth polystyrene mouldings from the target design are in all cases, excluding dimension x, higher than the changes in regard to the mould. The measurement results Fig. 11 . The polystyrene mouldings produced using the mSL 1 mould insert demonstrate clearly that there are only marginal differences between the first and the fifth polystyrene mouldings when comparing them with the part design, and there is not any noticeable deterioration in the replication performance of the mSL 1 mould insert. At the same time the dimensional changes in regard to the part design and the moulds decrease from the first to the fifth polystyrene mouldings. This can be explained by a build-up of stored thermal energy in the R11 mould insert (see section 4.1.1).
It is important to stress that optimization of the process cooling stage was not performed in this research, and also the model and its dimensions were not modified to offset the shrinkage of the mouldings. It is expected that, with the necessary process optimization and offsetting of the polymer shrinkage, the part accuracy can be improved significantly.
CONCLUSION
The paper reports an experimental study that investigates the potential use of mSL polymer inserts for micro-injection moulding, and thus to produce small batches of polymer lens parts in a wide range of materials. In particular, the performance and replication capabilities of such inserts were assessed by analysing the properties of the R11 photopolymer used to build them and also the accuracy of the R11 inserts and their mouldings. The following conclusions can be made on the basis of the obtained results.
1. It is possible to manufacture a polymer mould with a sufficient accuracy by employing the mSL process. Through this layer-based RT route it is possible to produce mSL inserts for prototype tooling and small-batch manufacture with a shorter lead time and cost savings. 2. The thermal analysis of the R11 photopolymer revealed that the C p value for R11 is four times the corresponding values for aluminium and steel. Thus, a significantly higher amount of thermal energy is stored in the R11 mould inserts and, therefore, the cooling time when using them for micro-injection moulding should also be much longer than those applied for aluminium and steel inserts. In addition, when defining the processing window for mSL inserts it should take into account the significantly lower DMA value of R11 in comparison with aluminium and steel and their larger increases in the dimensions above 80°C. 3. None of the mSL moulds built using three different orientations deviated more than 5 per cent from the target dimensions of the test part and it was difficult to distinguish any of them in regard to the resulting accuracy of produced R11 inserts. At the same time the build orientation had a major impact on the replication capabilities of the mSL inserts. In particular, only the inserts where the cavity pressure was predominantly parallel to the build orientation withstood the moulding cycle, and it was possible to produce a small batch of five polystyrene mouldings. 4. Depending on the nominal dimensions of the test part features, the dimensional changes of the polystyrene mouldings in regard to the part design and the R11 insert were in the range 18-4 per cent. The conducted dimensional analysis showed that all polystyrene mouldings were consistently larger than the part design and the insert. Also, it was observed that there were only marginal differences between the first and the fifth polystyrene mouldings, and that there was not any noticeable deterioration in the replication performance of the R11 mould insert. The build-up of stored thermal energy in the mSL insert can explain the decrease in the dimensions in regard to the part design and the moulds from the first to the fifth polystyrene mouldings.
The paper reports a feasibility study and therefore it is important to stress that the moulding process was not optimized, and also the test part model and its dimensions were not modified to offset the shrinkage of the mouldings. It should be expected that, with the necessary process optimization and CAD offsetting of the polymer shrinkage, the part accuracy could be improved significantly. 
